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Abstract
Toll-like Receptor 3 (TLR3) detects double-stranded (ds) RNAs to activate innate immune responses. While poly(I:C) is an
excellent agonist for TLR3 in several cell lines and in human peripheral blood mononuclear cells, viral dsRNAs tend to be
poor agonists, leading to the hypothesis that additional factor(s) are likely required to allow TLR3 to respond to viral dsRNAs.
TLR3 signaling was examined in a lung epithelial cell line by quantifying cytokine production and in human embryonic
kidney cells by quantifying luciferase reporter levels. Recombinant 1b hepatitis C virus polymerase was found to enhance
TLR3 signaling in the lung epithelial BEAS-2B cells when added to the media along with either poly(I:C) or viral dsRNAs. The
polymerase from the genotype 2a JFH-1 HCV was a poor enhancer of TLR3 signaling until it was mutated to favor a
conformation that could bind better to a partially duplexed RNA. The 1b polymerase also co-localizes with TLR3 in
endosomes. RNA-binding capsid proteins (CPs) from two positive-strand RNA viruses and the hepadenavirus hepatitis B
virus (HBV) were also potent enhancers of TLR3 signaling by poly(I:C) or viral dsRNAs. A truncated version of the HBV CP that
lacked an arginine-rich RNA-binding domain was unable to enhance TLR3 signaling. These results demonstrate that several
viral RNA-binding proteins can enhance the dsRNA-dependent innate immune response initiated by TLR3.
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Introduction
Viral nucleic acids are agonists for innate receptors that can
activate anti-viral responses [1,2,3,4]. The receptors include the
RIG-I-like receptors that are localized to the cell cytoplasm and
several membrane-associated Toll-like receptors [5,6]. Mutations
in these receptors have been correlated with pathologies in viral
infections in humans [7,8,9,10]. Understanding how the innate
immune receptors can interact with agonists will be important for
the detection and response to viral infections.
Toll-like Receptor 3 (TLR3), the focus of this study, is composed
of a large ligand-binding ectodomain, a transmembrane helix, and
a signaling Toll/IL-1 receptor homology (TIR) domain [11,12].
The ectodomain contains 23 leucine-rich repeats flanked with
cysteine-rich caps and a bipartite motif, both of which are critical
for ligand binding [13,14]. TLR3 localizes to either the plasma
membrane or acidic endosomes, the latter was presumed to be the
site of high affinity binding to dsRNA [15,16]. Ligand binding
induces the TLR3 dimer to orient the two TIR domains to recruit
adaptor proteins and activate signal transduction [6,14].
Karioko et al. [17] have observed the activation of TLR3
signaling in cultured cells with complex ligand mixtures, such as
nucleic acids fractions from necrotic cells. However, we have
anecdotally observed that highly purified RNAs, including
necrotic RNAs, are poor activators of TLR3 in cultured cells
when compared to the synthetic dsRNA analog, poly(I:C). These
observations suggest that intrinsic features within dsRNAs can
influence signaling by TLR3. Also, component(s) in addition to the
dsRNAs are needed to activate TLR3. The antimicrobial peptide
LL37 and other peptides that can bind dsRNA were recently
found to enhance the TLR3 response to poly(I:C) and viral
dsRNAs [18]. Since viral RNAs exist as complexes with proteins,
we wanted to determine whether viral proteins could act to
modulate TLR3 signaling.
In this work, we determined that viral dsRNA-binding proteins
could substitute for LL37 in activating signaling by TLR3.
Furthermore, the proteins promoted more efficient recognition
of viral dsRNAs. The recombinant polymerases from the Hepatitis
C virus (HCV) and three viral capsid proteins were characterized
in this study.
HCV, a member of the Hepacivirus genus in the Flaviviridae
family, infects approximately 2% of the world’s population, with
up to 80% of untreated individuals progressing to chronic
infection and severe liver damage [19,20]. The HCV-encoded
polymerase, NS5B, is a validated drug target and has been
extensively characterized [21]. As with polymerases in general,
NS5B resembles a closed right hand that contains thumb, palm
and finger subdomains [19]. In vitro, recombinant NS5B proteins
can bind and initiate RNA synthesis by a de novo initiated
mechanism or by extension from a template annealed to a primer
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[22,23,24,25,26,27,28]. De novo initiated RNA synthesis uses a
single-stranded (ss) RNA template and a purine nucleotide as the
first nucleotide, while primer extension uses a partially duplexed
RNA [28]. The de novo initiated versus primer-extended modes of
RNA synthesis is regulated by a flexible loop named D1 that
extends from the fingers subdomain to contact hydrophobic
residues in the thumb subdomain [27]. The release of the D1 loop
is needed to sterically accommodate the ternary complex during
elongative synthesis. The polymerase from the 2a genotype of
HCV exists in a structurally more closed conformation than that of
the 1b polymerase in part due to a tighter contact between the D1
loop and the thumb subdomain [27,29,30]. This feature has been
proposed to allow the 2a polymerase to be more efficient at RNA
synthesis by the de novo initiated mechanism since it cannot initially
accommodate a partially duplexed RNA.
Two of the viral capsid proteins we examined are from
members of the alphavirus-like superfamily with positive-stranded
RNA genomes: Ross River virus (RRV) and Brome mosaic virus
(BMV) [31,32]. The third is from the orthohepadnavirus,
Hepatitis B virus (HBV), which has a partially dsDNA genome
and replicates by reverse transcription [33,34]. The capsids of all
three viruses contain a positively-charged arginine-rich region that
is required for RNA binding [35,36,37,38,39].
Results
Viral dsRNAs are poor agonists for TLR3
We have anecdotally observed that cultured cell lines that
express TLR3 respond poorly to viral dsRNAs when compared to
the response to poly(I:C). To document this observation, BEAS-2B
cells that endogenously express TLR3, TLR4, and RIG-I were
examined for their response to several dsRNAs. BEAS-2B cells
have been used extensively to study the effects of viral infection
and activation of innate immunity on cytokine production,
including the production of Interleukin 6 (IL6) [40,41,42]. The
dsRNAs tested include the Reovirus genomic RNA, the S4
dsRNA made by annealing in vitro transcribed positive- and
negative-sense strands of the Reovirus S4 RNA, and the Bell
pepper endornavirus dsRNA, BPEV, purified from bell pepper
plants [43], and other viral and synthetic dsRNAs. Transcripts of
the JFH-1 genome were used as a ssRNA control. All the RNAs
were added to the media of BEAS-2B cells and the amount of
cytokine IL6 secreted into the medium quantified by ELISA
(Fig. 1A). At 20 h, IL6 levels induced by poly(I:C) (0.13 mg/ml)
was at least six-fold higher than that of dsRNAs or ssRNA (0.3 mg/
ml; Fig. 1A and Fig. S1A). The production of IL6 in response to
poly(I:C) was rapid and could be observed within 2 h of poly(I:C)
addition (Fig. S1B). In contrast, cells treated with S4 dsRNA did
not yield level of IL6 significantly above the background even after
20 h (Fig. S1B).
HEK 293T cells do not detectably express TLR3 but can be
transfected to express either wild-type or mutant TLR3 [44].
Transfection of two plasmids, one containing an interferon
stimulated response element (ISRE) promoter-driven firefly
luciferase and a second encoding a constitutively expressed Renilla
luciferase allow the analysis of TLR3 activation by different RNAs.
HEK 293T cells expressing WT TLR3 responded to poly(I:C) (1–
2 mg/ml), better than viral dsRNAs (1–2 mg/ml) purified from
Reovirus and BPEV (Fig. 1B). Annealed S4 Reovirus dsRNA,
ssRNAs from JFH-1 (Fig. 1B), endornavirus dsRNA from rice
plants and other viral ssRNAs (Fig. S1C) also had no effect on
TLR3 signaling. None of RNA tested induced reporter activity in
HEK 293T cells expressing a TLR3 mutant H539E that had a
substitution at the C-terminal ligand-binding domain [16,45]
(Fig. 1B) or in cells transfected with the empty vector (data not
shown), demonstrating that the observed responses are from
TLR3. The results from 293T cells are consistent with those from
the BEAS-2B cells and support our observation that viral dsRNAs
are poor agonists in comparison to poly(I:C).
To determine whether TLR3 was responsible for the increased
IL6 levels, we treated cells with siRNAs specific to TLR3, RIG-I,
or a nonspecific control for 48 h prior to the addition of BPEV
dsRNA to the cells (Fig. 1C). RIG-I is a suitable control in this
experiment since it also recognizes dsRNA [46]. Only cells treated
with siRNAs to TLR3 had reduced IL6 levels in the presence of
BPEV dsRNA (Fig. 1C). With poly(I:C)-induced cells, siRNAs to
TLR3 also reduced IL6 production by 5163% (n= 4) (data not
shown; [18]). RT-PCR confirmed that the siRNAs did knock
down TLR3 mRNA levels in both untreated and poly(I:C) treated
cells (Fig. 1D). ODN2006, which we previously shown to inhibit
TLR3 signaling [47] reduced the IL6 levels in the presence of
poly(I:C) to less than 20% of the control reaction (data not shown)
while EGCG, an inhibitor of RIG-I [48] had no effect on IL-6
production in the presence of poly(I:C) (data not shown). Thus,
while the viral dsRNAs are poor TLR3 agonists, the low level of
cytokine production by BEAS-2B cells was primarily due to the
activation of TLR3. These results form the basis of the hypothesis
to be tested in this work: the activation of TLR3 by viral dsRNA
requires additional factors.
Several viral dsRNA-binding proteins can enhance
poly(I:C)-dependent signaling
Addition of the peptide LL37 to the cell culture media along
with poly(I:C) or viral dsRNAs was found to enhance signaling by
TLR3 [18]. LL37 binding to the dsRNA was correlated with
enhancement of TLR3 signaling [18]. Since RNAs in cells exist in
complex with proteins, we postulate that viral RNA-binding
proteins could also enhance the TLR3 response to the viral
dsRNAs. Several highly purified RNA-binding proteins were
selected to test this idea. These include the recombinant Nsp15
protein from the SARS coronavirus that binds ssRNAs [49], two
versions of the Hepatitis B virus capsid protein (H-cp149 and H-
cp183) [38], the capsid protein from the Ross River virus (R-cp)
[39], the capsid from the plant-infecting Brome mosaic virus (B-cp)
[50] and polymerases from the 1b and 2a genotypes of the
Hepatitis C virus (1bD21 and 2aD21) [27]. Except for the B-cp,
which was extracted from cesium-chloride purified BMV virions,
the other proteins were produced in E. coli.
While the cytokine induction by the various RNA-binding
proteins in the absence of poly(I:C) varied depending on individual
experiments, fold inductions of IL6 above basal across multiple
experiments showed no statistically significance in paired T-tests
(Fig. 2 and Table S1). These results, including those from B-cp
that was produced in plants also suggest that common contam-
inants such as lipopolysaccharides which would induce TLR4
signaling, is not a significant factor in the assays. Incubation of
poly(I:C) with the corresponding buffers in which the proteins
were purified also did not result in a significant change of cytokine
production (data not shown). The presence of poly(I:C) (0.13 mg/
ml) alone induced IL6 and IL8 levels at least five-fold above
background (Fig. 2). Several of the proteins added to a final
concentration of 0.15 mM along with poly(I:C) resulted in
additional increases in IL6 and IL8 levels of two- to five-fold
(Fig. 2A and 2B; Table S1). The level of enhancement by the
recombinant proteins were comparable to that observed with
LL37 (3 mM).
The viral proteins that did not significantly increase cytokine
production include the polymerase from HCV genotype 2a
Viral Proteins Enhance TLR3 Signaling
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Figure 1. A comparison of viral dsRNAs and poly(I:C) for activation of TLR3. A) Effects of various potential TLR3 ligands on IL6 production
by BEAS-2B cells. All of the RNAs were added to the culture media. Poly(I:C) (pIC) was added to 0.13 mg/ml and the other RNAs were added at 0.13 to
0.3 mg/ml. IL6 was quantified in an aliquot of clarified cell medium, and the total amount of IL6 was normalized to the total medium volume. The data
shown is the mean 6 SEM, with the number of assays in parentheses: pIC (n = 23), Reovirus dsRNA (ReoV, n = 9), Reovirus S4 dsRNA (S4; n = 28), BPEV
(n = 6), JFH1 (n = 3). B) A comparison of the effects of viral dsRNAs and poly(I:C) in HEK 293T cells transfected to express the WT TLR3 or a ligand-
binding mutant, H539E. Activation of TLR3 was measured by the ratio of the firefly luciferase driven by an ISRE promoter element to a constitutively-
expressed Renilla luciferase [47]. Each bar represents the mean value of three replicates, with the range for one standard error shown above the bars.
C) TLR3 is required for the increase in IL6 production in response to BPEV dsRNA. BEAS2B cells were transfected with a control nonspecific siRNA
(nsRNA), a set of three siRNAs to TLR3 (siTLR3), or a siRNA to RIG-I (siRIG-I), grown for 48 h before addition of BPEV dsRNA (0.3 mg/ml) to the culture
media. D) RT-PCR results demonstrating that the siRNA targeting TLR3 decreased the abundance of the TLR3 message. BEAS2B cells were transfected
with either control nonspecific siRNA or siRNAs to TLR3. After 48 h, cells were exposed to media alone (f) or to poly(I:C) at 0.13 mg/ml. RT-PCR was
performed to determine fold induction of TLR3 mRNA above media 18 h later. Data is presented as a percent of the result from the nonspecific siRNA.
doi:10.1371/journal.pone.0025837.g001
Figure 2. Several recombinant proteins can enhance cytokine production by poly(I:C). A) Quantification of IL6 production by BEAS-2B
cells in response to the presence of various viral proteins with or without poly(I:C) at a final concentration of 0.13 mg/ml. Each protein was present at
a final concentration of 0.15 mM. The antimicrobial peptide LL37 was added to 3 mM final concentration. IL6 was quantified in an aliquot of clarified
cell medium and the total amount of IL6 was normalized to the total medium volume. The standard errors were from at least three replicates. B) A
representative analysis of IL8 production by BEAS-2B cells in response to the exogenously added proteins. The conditions for the assay are identical
to those in panel A.
doi:10.1371/journal.pone.0025837.g002
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(2aD21), the truncated HBV CP (H-cp149), and the SARS-CoV
Nsp15 (Fig. 2A and 2B). The Nsp15 used in this experiment is a
catalytic-inactive version of an endoribonuclease that binds and
preferentially cleaves ssRNAs [49]. Identical results were obtained
with the WT Nsp15, hence the enzymatic activity of Nsp15 is not
a factor in the response (data not shown). These results show that a
subset of the RNA-binding proteins is more competent in
enhancing TLR3 signaling. The activities of the HCV polymerases
and the viral capsids will be analyzed in turn below.
The HCV 1b polymerase can enhance dsRNA-induced
signaling by TLR3
We seek to determine whether the observed IL6 production in the
presence of the 1b HCV polymerase was due to signaling by TLR3.
SiRNAs to TLR3, to RIG-I, or to a nonspecific target were
transfected into BEAS-2B cells prior to the addition of either poly(I:C)
alone or poly(I:C) and 1bD21 (Fig. 3A). Only the cells transfected with
the siRNAs to TLR3 had reduced IL6 production compared to cells
transfected with nsRNA (Fig. 3A; p,0.05). We reproducibly
observed using RT-PCR that TLR3 mRNA treated with the siRNAs
were reduced to between 8 and 26% of the level in cells treated with
the nsRNA control (Table S2). The presence of the polymerase did
not change LPS-induced TLR4 response or change the response
from cells treated with only polyinosinic acid, suggesting specific
induction of TLR3 (Fig. 3B). Moreover, ODN2006, an inhibitor of
TLR3 signaling [47] reduced IL6 levels to 4067% of control while
EGCG, an inhibitor of RIG-I [48] had no effect, further suggesting
that the enhancement of dsRNA induced signaling is dependent on
TLR3 (data not shown). The HCV polymerase also enhanced the
response to poly(I:C) lengths that ranged from 45 to 125 bp (Fig.
S2A). These results indicate that TLR3 is required for 1bD21 and
poly(I:C) to enhance cytokine production.
1bD21 is less active for RNA synthesis in vitro than is the 2aD21
[27,29,30]. Therefore, it is unlikely that RNA synthesis by 1bD21
is responsible for the induction of TLR3 signaling. However, to
establish this directly, we tested a catalytic mutant named GDA
wherein the divalent metal-binding motif required for polymeri-
zation was mutated. We also tested three additional mutants that
are defective for de novo initiation, including a five-residue deletion
of the D1 loop name m26–30 [26]. The locations of the key
mutations in the 1b polymerase structure are shown in Fig. 3C.
Since m26–30 has a major change in conformational to 1bD21, we
tested it for the ability to bind a dsRNA of ca. 900 bp derived from
Reovirus genome and found that retained the ability to bind
dsRNA (Fig. 3D). All of these mutant polymerases enhanced IL6
production over the level of poly(I:C) alone by at least two-fold
(Fig. 3E and Fig. S2B).
Figure 3. The 1b HCV polymerase can enhance IL6 production by BEAS-2B cells. A) Enhanced IL6 production in the presence of 1bD21 can
be knocked down by SiRNA to TLR3. siRNAs specific to TLR3 (siTLR3), RIG-I (siRIG-I), or a nonspecific control (nsRNA) were transfected into at a
concentration of 30 nM into cells 48 h prior to the addition of 1bD21 (0.15 mM) and poly(I:C) (0.13 mg/ml) to the culture medium. IL6 in the medium
was collected 24 h later and quantified by ELISA. The data from 3 to 4 sets of samples are presented as a percentage of the IL6 in the sample treated
with nsRNA (100%). B) IL6 production by BEAS-2B cells in response to stimulation by the single-stranded polyinosinic acid (0.13 mg/ml), poly(I:C)
(0.13 mg/ml) or lipolysaccharide (LPS) (1 mg/ml), the agonist for TLR4 in the absence (Ø) or presence of 1bD21 (0.15 mM). C) A model of the 1b HCV
polymerase that illustrates the location of the D1 loop (in light blue), the GDD active site (in yellow), and the short helix deleted in mutant m26–30 (in
red). D) The 1bD21 polymerase and 1b.m26–30 can form a complex with the double-stranded S4 RNA. The S4 dsRNA was labeled with a-32P-CTP and
used in an electrophoretic mobility shift assay. The gel image shown is from a non-denaturing stacked polyacrylamide gel of 5 and 20%. E) Effects of
mutations in 1bD21 on IL6 production induced by poly(I:C). f denotes a reaction with no added proteins. Proteins 1bD21, 1b.m26–30, and the active
site mutant GDA were added to the culture media (final concentrations 0.01, 0.1 or 0.5 mM) in the absence or presence of 0.13 mg/ml poly(I:C). LL37
was added to a final concentration of 3 mM. F) The 1b HCV polymerase (1bD21, 0.1 mM), but not the 2a polymerase (2aD21, 0.1 mM), allowed TLR3 to
produce cytokines in response to viral dsRNAs. In addition to poly(I:C), the RNA ligands used were those extracted from Reovirus virions (ReoV), from
the endornavirus BPEV, and the annealed transcripts of the sense and antisense strands made from the S4 cDNA of Reovirus (S4), and the transcript of
the HCV 2a JFH-1.
doi:10.1371/journal.pone.0025837.g003
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Next, we examined whether 1bD21 could enhance IL6
production in concert with viral RNAs (Fig. 3F). In the absence
of 1bD21, the single-stranded JFH-1 RNA and three different viral
dsRNAs were poor inducers of IL6 production in BEAS2B cells
when compared to poly(I:C). This result is consistent with our
initial observation that TLR3 does not respond efficiently to viral
RNAs (Fig. 1A & 3F, Fig. S1A). 1bD21 (0.1 mM) increased IL6
levels induced by the S4 dsRNA and the BPEV dsRNA by 4 to 6-
fold (Fig. 3F). 1bD21 had only a modest increase when JFH-1
ssRNA was used as a ligand. In contrast, the activation of signaling
was approximately 20-fold higher with dsRNA than with JFH-1
(Fig. 3F). Consistent with our previous observation, 2aD21
(0.1 mM) was unable to enhance IL6 production when added to
cells along with either the ssRNA or dsRNA (Fig. 3F).
The conformation of 2aD21 can affect dsRNA-dependent
TLR3 signaling
2aD21 differs from 1bD21 in the relative amounts of product
generated from de novo initiated RNA synthesis or extension from a
primed template (Fig. 4A). 2aD21 produced high levels of de novo
initiated RNA when compared to the primer extension products
while 1bD21 produced similar amounts of the two products
(Fig. 4A). In this assay, de novo initiated RNA synthesis was
determined with template LE19P, whose 39 terminal puromycin
prevents primer extension, while primer extension used template
PE46, which contains a partially double-stranded hairpin structure
that can be extended by the polymerase. The products of the two
modes of RNA synthesis demonstrate whether a single or a
partially duplexed RNAs are bound in the template channel of the
polymerase [24–26]. Furthermore, products from the two
templates are associated with two distinct polymerase conforma-
tions: a structurally closed conformation can initiate better by a de
novo mechanism or a more open conformation that favors primer
extension [26]. Notably, the crystal structure of 2aD21 has a more
closed conformation than that of 1bD21 due to additional
interactions between the D1 loop and the thumb subdomain of
the polymerase [29].
If the closed conformation of 2aD21 decreases its ability to bind
dsRNA and to induce TLR3, a five-residue deletion at the tip of
the D1 loop which results in a more open conformation should
Figure 4. A mutant HCV 2a polymerase can enhance TLR3 signaling. A) In vitro RNA synthesis by the 1bD21, the 2aD21 and the 2a mutant
2a.m26–30. The final concentrations of proteins were at 40, 80, and 160 nM. The templates used, LE19P and PE46, can, respectively, produce de novo
initiated products (DN) as well as those extended from a partial duplex RNA (labeled as ‘‘PE’’) as described in Chinnaswamy et al. [27]. B) The
denaturation profile of the proteins (5 mM) analyzed by differential scanning fluorimetry. The reactions were performed in a Stratagene Mx3005P real-
time PCR machine in the presence of SYPRO orange, which fluoresces when complexed to denatured proteins. The ramp for temperature increase
was at 0.5uC per min. C) The mutant HCV 2a polymerase, 2am26–30, can enhance poly(I:C) (0.13 mg/ml)-induced IL6 production by BEAS-2B cells. D)
The sequence and likely structure of a fluorescently-labeled RNA, SL26, used to analyze polymerase-dsRNA interaction. E) Binding of SL26 by the three
HCV polymerases. The proteins were mixed together with a 1:1 molar ratio of SL26 then crosslinked with a Stratalinker prior to analysis by SDS-PAGE.
The gel image on the left shows the fluorescently-labeled RNA shifted above the free SL26 at the bottom of the gel. The complexes that contain a
monomer or a dimer of the HCV polymerase are labeled to the left of the gel image. The same gel was then stained with Coomassie blue to allow
visualization of the proteins, the image of which is shown to the right.
doi:10.1371/journal.pone.0025837.g004
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increase dsRNA binding and thus the RNA synthesis from a
primed template. A protein with such a deletion named 2a.m26–
30 was found to be debilitated in de novo initiated RNA synthesis
while retaining the ability to extend from a primed template
(Fig. 4A). 2a.m26–31 also showed a distinct thermal denaturation
profile compared to that of 2aD21, when analyzed by differential
scanning fluorimetry, consistent with the two proteins having
different conformation(s) (Fig. 4B). Protein 2a.m26–30 added to
BEAS-2B cells had no effect on IL6 production (Fig. 4C). When
added along with poly(I:C) to BEAS-2B cells, 2a.m26–30
dramatically enhanced IL6 production to levels comparable to
reactions containing 1bD21 (Fig. 4C, n = 4). These results clearly
demonstrate that the conformations of the HCV polymerase that
impact interaction with single or double-stranded RNAs affect the
ability of the polymerase to enhance signaling by TLR3.
The deletion of the D1 loop in the 1b polymerase makes the
template channel more accessible to dsRNAs [27]. To determine
whether 2a.m26–30 was altered in RNA binding in comparison to
2aD21, we performed a UV-crosslinking assay with a fluores-
cently-labeled RNA SL26, which contains a GNRA tetraloop with
an 11-bp stem (Fig. 4D). The 26-nt SL26 was used to minimize
non-specific interaction by the polymerase so as to better analyze
RNA binding potential of polymerase mutant. The RNA-protein
complex was visualized with a phosphorimager and the position of
the protein identified by staining with Coomassie blue (Fig. 4E).
The purified HCV polymerase usually exists as a mixture of
monomers and higher order oligomers [27]. Both the monomeric
and dimeric forms of 2a.m26–30 bound SL26 better than those
from 2aD21 (Fig. 4E). Taken together, these results show that the
changes in 2a polymerase to increase its binding to a largely
dsRNA is correlates with increased enhancement of TLR3
signaling.
Cellular localization of 1bD21
We sought to determine whether the recombinant HCV
polymerase could enter cells and co-localize with TLR3 in
endosomes. 1bD21 added to the medium of BEAS-2B cells in
the absence of poly(I:C) was localized to punctate spots within
30 min. of addition (Fig. 5A). Some of these spots co-localized with
Lysotracker that stains acidic compartments in the cell where
TLR3 is located (Fig. 5B; [15]). The observation that not all of the
dsRNA co-localized with TLR3 is consistent with previous reports
that dsRNA could traffic into cells independent of TLR3 [47,51].
To determine whether 1bD21 co-localized with TLR3, cells
exposed to 1bD21 for 6 h were stained with the antibodies to
TLR3 and the HCV polymerase. Signals to both proteins
overlapped significantly, although not at every location where
TLR3 was detected (Fig. 5C). The co-localization of the HCV
polymerase to endosomes containing TLR3 may factor into the
mechanism to enhance TLR3 signaling.
The localization of 1bD21 in BEAS-2B cells suggests that it is
taken up by endocytosis. Arginine-rich cell penetrating peptides
and Vaccinia virus had been reported to enter cells by several
pathways, including macropinocytosis [52,53,54]. To examine
whether macropinocytosis is likely involved in the uptake of
1bD21, we tested the inhibitor 5(N-ethyl-N-isopropyl)-amiloride
(EIPA) on TLR3 signaling in the presence of poly(I:C) and either
LL37 or recombinant 1bD21 (Fig. S3). EIPA dose-dependently
inhibited TLR3 signaling by either poly(I:C) alone, or poly(I:C)
added to the cell culture medium along with LL37 or 1bD21.
These results are consistent with macropinocytosis playing a role
in the uptake of either the dsRNA and/or the recombinant protein
into endosomes.
Capsid proteins and TLR3 signaling
To extend the analysis of viral protein-RNA interaction further,
we characterized the effects of three capsid proteins (CPs) that
enhanced the dsRNA-specific innate immune signaling (Fig. 2).
Knockdowns of TLR3, RIG-I, or a nonspecific target prior to
stimulation with poly(I:C) and the CPs (50 nM) showed that TLR3
was the receptor primarily responsible for IL6 production for H-
cp184 and R-cp (Fig. 6A). SiRNAs to TLR3 also decreased B-cp
induced IL6 production (data not shown). In addition, all three
WT viral CPs increased IL6 production in a concentration-
dependent manner (Fig. S4). H-cp149 that lacks the C-terminal
sequence of H-cp183 (Fig. S4A) was unable to modulate IL6
production (Fig. S4B).
We examined whether the CP can enhance signaling by viral
ssRNA or dsRNA. IL6 level were enhanced when the Reovirus
genomic RNAs and the S4 dsRNA (all at 0.15 mg/ml) were added
to the medium in the presence of H-cp183. The single-stranded
JFH-1 RNA was not significantly enhanced by H-cp183.
Furthermore, H-cp149 did not result in statistically significant
enhancement of IL6 in the presence of viral dsRNAs or the JFH1
ssRNA (Fig. 6B, Fig. S4B). The amount of enhancement with the
150 nM of H-cp183 was comparable to that of 3 mM LL37. The
Figure 5. The HCV polymerase 1bD21 co-localizes with TLR3 in
endosomes. A) Location of 1bD21 in BEAS-2B cells. 1bD21 (0.2 mM)
was added to the medium of cells for 1 h and then detected by a mAb
from Alexis Biochemicals. The locations of 1bD21 were then superim-
posed on a brightfield image of the same cells. B) NS5B is localized to
acidic compartments in cells. BEAS-2B cells were stained with
Lysotracker (Invitrogen, Inc). Lysotracker is colored red and sites of
overlap between 1bD21 and lysotracker are in yellow. C) 1bD21 co-
localizes with TLR3. A confocal section of a cell immunostained to
localize both TLR3 and 1bD21, as well as the comparable brightfield are
shown in the merged image. The yellow color identifies positions where
the TLR3 and 1bD21 co-localized.
doi:10.1371/journal.pone.0025837.g005
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three viral CPs thus can enhance TLR3 signaling in response to
both poly(I:C) as well as viral dsRNAs.
RNA-binding is required to enhance dsRNA-dependent
signaling by TLR3
The differential effects of H-cp183 and H-cp149 should reveal a
requirement important for the enhancement of dsRNA-dependent
signaling by TLR3. The HBV CP contains sixteen arginines in its
C-terminal thirty-four residues (Fig. S4A). H-cp149 is competent
for the formation of virus-like particles, but is defective for binding
to RNA [38]. It is therefore likely that the altered interaction with
RNA is responsible for the inability of H-cp149 to enhance TLR3
signaling when compared to the other capsid proteins. Again, to
reduce the effects of nonspecific RNA binding inherent to many
RNA-binding proteins, SL26 containing an 11-bp dsRNA was
used to examine whether H-cp183 and H-cp149 are distinguish-
able in their ability to bind RNA. SL26 bound H-cp183 as well as
B-cp, and the R-cp (indicated by shifts to higher molecular mass
smears). However, no shift occurred with H-cp149 (Fig. 6C).
These results provide another set of example wherein a viral
protein’s ability to bind dsRNA is linked to the enhancement of
TLR3-dependent signaling.
The RRV CP can enter cells and co-localize with TLR3 in
endosomes
The HCV polymerase 1bD21 co-localized with TLR3 in
endosomes (Fig. 5). The BMV CP has also been shown to enter
barley cells through macropinocytosis and localize to punctate
spots within the cytoplasm that are suggestive of endosomes [53].
The HBV capsid can also enter cells, although permeabilization of
the cells with digitonin was required [55]. We seek to determine
whether the capsid proteins can localize to endosomes that contain
TLR3, using the R-cp as an example. 2 h after the addition of R-
cp to the media of BEAS-2B cells, R-cp was found close to the
plasma membrane, with a small proportion of the signal localizing
in endosomes (Fig. S5). At 6 h after R-cp addition, the majority of
the signal was within endosomes (Fig. 7). Immunostaining to detect
TLR3 revealed an extensive co-localization of R-cp (Fig. 7).
RNA-binding proteins can enhance viral dsRNA-
dependent signaling in HEK 293T cells
The effects of the HCV polymerases and the viral capsid
proteins have thus far been examined in BEAS-2B cells. We seek
to determine whether they could enhance signaling in HEK
293T cells transiently transfected to express TLR3. TLR3-
specific activation of luciferase production from an ISRE
promoter element was used to assess signal transduction.
Reporter production in the presence of poly(I:C), and Reovirus
genomic dsRNA were all reproducibly enhanced in the presence
of 1bD21 or 2a.m26–30, but not with 2aD21 (Fig. 8A). As with
the BEAS-2B cells, JFH1 RNA was unable to induce TLR3 in
HEK 293T cells. The activation of reporter production was
dependent on the concentration of 1bD21 added to the 293T cell
culture media (Fig. 8B). The effects of the viral CPs on TLR3
signaling in HEK cells were also examined using the Reovirus
dsRNA as the TLR3 ligand. B-cp, H-cp183, and the R-cp all
Figure 6. Effects of three viral capsids on IL6 production by BEAS-2B cells. A) Enhancement of IL6 production by the viral capsids requires
TLR3. SiRNAs to TLR3, siRNA to RIG-I, or a nonspecific target were transfected at 30 nM into the cells 48 h prior to the addition of the viral capsid
proteins (50 nM) either alone or in combination with poly(I:C) (0.13 mg/ml). B) Effects of H-cp183 or H-cp149 (50 nM) and viral dsRNAs on the
production of IL6. The reactions with LL37 serve as a positive control. DsRNA S4 is a mimic of the shortest of the Reovirus dsRNAs (ca. 1100 bp) made
by annealing in vitro transcripts of the plus- and minus-sense RNAs. RV denotes the total virion RNA purified from reovirus particles. JFH-1 is the in
vitro transcript of the genotype 2a HCV. C) Effects of increasing B-cp, R-cp, H-cp183, and H-cp149 on the ability to bind and crosslink to SL26. The
crosslinking reactions were electrophoresed on SDS-PAGE and imaged on a Phosphorimager.
doi:10.1371/journal.pone.0025837.g006
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increased reporter levels in a concentration-dependent manner
when compared to cells transfected with only the empty plasmid
vector (Fig. 8C). This result shows that all five recombinant
proteins that enhanced TLR3 signaling with viral dsRNAs in
BEAS-2B cells enhanced TLR3-dependent signaling in HEK
293T cells.
Discussion
While TLR3 binds to dsRNA to activate innate immune
responses, viral dsRNAs tend to be poor TLR3 agonists, especially
when compared to the synthetic dsRNA analog, poly(I:C). In a
companion manuscript [18], we demonstrated that LL37 is a
potent enhancer of dsRNA-dependent TLR3 signaling. Herein,
we demonstrate that a subset of viral proteins can significantly
enhance both poly(I:C) and viral dsRNA-induced TLR3 signaling.
These viral proteins include polymerases from two genotypes of
hepatitis C virus and three viral capsid proteins. Requirements for
the polymerases and capsid proteins (1bD21, 2a.m26–30, B-cp, R-
cp, and H-cp183) to activate TLR3 signaling were examined and a
common property is the ability to bind dsRNAs. Two proteins
(2aD21 and H-cp149) that bind dsRNA less well are also less
effective in enhancing TLR3 signaling. These results suggest that
features that affect dsRNA binding modulate the ability of proteins
to activate TLR3 signaling. A second requirement elucidated with
the 1b HCV polymerase and the RRV CP is the ability of the
proteins to enter cells and co-localize with TLR3 in endosomes.
The focus of the discussion below will be on the requirements for
activating TLR3 signaling, with a final section on the conforma-
tion of the HCV polymerase.
Agonists for TLR3
The chemical features in dsRNA that are recognized by TLR3
are poorly understood. The difference between what makes
poly(I:C) a good TLR3 agonist in the absence of RNA-binding
proteins and what makes the viral dsRNAs inferior ones will
require in-depth analysis. We believe that this work identifies
conditions that will facilitate these efforts. Based on our current
results, Reovirus S4 dsRNA made by in vitro transcription is as
potent a TLR3 agonist as the genomic dsRNA extracted from
Reovirus virions, suggesting that no obvious posttranscriptional
modifications are required to activate TLR3 signaling. Another
feature of poly(I:C) that may obviate the need for viral proteins or
LL37 may be that the inosine-cytosine base pair has only two H-
bonds. We observed that poly(A:U) is also an excellent agonist for
TLR3 in the absence of LL37 and viral protein (Fig. S1A).
However, weaker base pairing alone is unlikely to provide the full
explanation for poly(I:C) being such a potent agonist; poly(G:U),
which also has two H-bonds per base pair, is a poor agonist for
TLR3 signaling in the absence of viral dsRNA proteins (Fig. S1A).
We can offer the following observations on proteins and
peptides that can enhance TLR3 signaling. The proteins can be
produced in E. coli or extracted from virions (as in the case of
BMV), suggesting that post-translational modifications are not
required for the enhancement of the TLR3 response. Similarly,
peptides such as LL37 that are potent enhancers of TLR3
signaling can be synthesized chemically without specific modifi-
cations [18]. In addition, both enzymes and structural proteins can
be potent enhancers of TLR3 signaling as long as they interact
with either dsRNA or partially duplexed RNAs. The SARS-CoV
Figure 7. The RRV CP can enter cells and co-localize with TLR3. A) A merged brightfield image of BEAS-2B cells and the locations of the R-cp.
The R-cp was added to the cells for 2 h prior to processing the cells for immunolocalization. R-cp antibody was custom made by Cocalico Biologicals
(Reamstown, PA). The boxed area in the upper right corner is increased in size in the lower figure to allow better visualization of the punctate spots of
R-cp within the cell. Co-localization of the R-cp with TLR3 is shown in the magnified images. TLR3 is imaged in blue and R-cp in red and locations of
co-localization in yellow.
doi:10.1371/journal.pone.0025837.g007
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Nsp15 preferentially binds ssRNA and not dsRNA [49], and could
not efficiently enhance TLR3 signaling. A deletion that increased
interaction between the 2a HCV polymerase and a partially
duplexed RNA template made the polymerase a better enhancer
for TLR3 signaling (Fig. 4C). The second feature of the TLR3
enhancers is that they have the ability to form oligomers. This is
intuitive with the viral capsid proteins, but viral RdRps have
surfaces that mediate oligomerization that may facilitate RNA
binding [56,57,58]. Indeed, oligomerization of the HCV poly-
merase can affect the mode of RNA synthesis [27]. LL37 also
exists in higher order complexes in the absence of RNA and is
required at micromolar concentrations in contrast to the viral
proteins that are active in our assays at nanomolar concentrations.
This is likely due to multiple LL37 molecules being needed to bind
and/or coat the dsRNAs and mediate TLR3 activation [18].
The fact that BMV and RRV encapsidate ssRNAs may initially
seem to incompatible with their ability to enhance signaling by
dsRNAs. However, the encapsidated viral RNAs are highly
compacted and contain a high percentage of dsRNAs with non-
Watson-Crick base pairing, close to 70% [59,60]. This likely
explains how the CP can bind the dsRNA needed to activate
TLR3. The CP’s of BMV and RRV are capable of binding to the
double-stranded S4 RNA in an electrophoretic mobility shift assay
(Fig. S4C). In the context of a viral infection, however, we note it is
likely that fully assembled virions may not result in activation of
TLR3 signaling if the dsRNAs are not exposed. We have added
highly purified BMV virions and Reovirus virions to BEAS-2B
cells and 293T cells expressing TLR3 and have not observed
induction of cytokines or TLR3-specific reporters (Kao and
Ranjith-Kumar unpublished results).
We also demonstrated that two dsRNA-binding proteins that
can enhance TLR3 signaling can colocalize with TLR3 in
endosomes. Whether the dsRNA-binding proteins facilitate
binding of the dsRNA by the TLR3 or the uptake of dsRNA to
endosomes remain to be determined. However, it is known that
TLR3 binds to linear dsRNA [61]. TLR3, unlike the RIG-I-Iike
receptors [62], lacks helicase activity to unravel the tertiary
interactions that could stabilize the dsRNA. The dsRNA-binding
proteins could disrupt the tertiary structure in the dsRNAs to
facilitate recognition of the dsRNA by TLR3. Electron microscopy
revealed that LL37 decreases the particle size of the primarily
globular poly(I:C) and results in more filamentous structures [18].
With the second scenario, the dsRNA-binding proteins could
facilitate entry of the viral dsRNAs into endosomes, perhaps by
Figure 8. Viral proteins can enhance TLR3-dependent reporter expression in HEK 293T cells. A) The effects of HCV polymerases on ISRE-
luciferase expression in 293T cells transiently-transfected with TLR3. All recombinant proteins used were added to cell culture media to a final
concentration of 100 nM. The ratio of the firefly luciferase levels to the Renilla luciferase is shown on the Y-axis. B) The recombinant 1bD21 protein (0
to 150 nM) concentration-dependently increased the ratio of the firefly to Renilla luciferases induced by RV dsRNA (1 mg/ml). C) Purified CPs can
enhance TLR3-dependent signaling from RV dsRNA in a concentration-dependent manner. The ratios are from ISRE-dependent firefly luciferase levels
over the Renilla luciferase. The concentrations of the CP used in the assay are shown on the horizontal axes. The mean values of at least three
independently assayed samples are shown above the bars.
doi:10.1371/journal.pone.0025837.g008
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increasing the interaction with trafficking chaperones, such as
scavenger receptors [51], but these RNA-binding proteins likely
need to complex and bring dsRNA to endosome in order for
TLR3 activation to occur. The net effect is an increase in the
concentration of ligand available to TLR3. Further studies will be
required to unravel the complex requirements whereby the
dsRNA-binding protein activate TLR3 signaling.
Our demonstration that LL37 and viral dsRNA-binding
proteins can enhance TLR3 signaling raises the possibility that
inappropriately expressed cellular dsRNA-binding proteins could
activate TLR3 signaling from cellular RNAs. Autoimmunity has
been linked to antibodies that recognize RNP complexes [63,64],
and TLR signaling can affect the production of autoantibodies
associated with lupus erythematosis [65].
The HCV polymerases
The results in this work are also informative for the function of
the HCV polymerase. We note that the enhancement of TLR3
signaling by HCV polymerase is independent of RNA synthesis
since the active site mutant is capable of enhancing TLR3
signaling (Fig. 3D). All polymerases undergo structural transitions
between open and closed conformations in response to the stages
of nucleic acid synthesis. Indeed, the monomer of the HCV
polymerase contains a template channel that can sterically
accommodate ssRNA, but not dsRNA [26,66]. During the
formation of a nascent RNA from the template, however, the
polymerase needs to release the interaction between the D1 loop
and the thumb subdomain in order to accommodate the
elongating nascent RNA-template RNA duplex. The 1bD21 can
both extend from a primed template as well as initiate from the 39
terminus of a single-stranded RNA. We believe that this is a
manifestation of the 1b polymerase existing in an equilibrium
between the open and closed forms in vitro, likely accounting for
better dsRNA-binding by the 1b polymerase and its enhanced
ability for dsRNA-induced signaling by TLR3. In contrast, the 2a
polymerase exists predominantly in a closed conformation and
thus is less able to bind to dsRNA and enhance signaling by TLR3
[29]. Increasingly, the open and closed conformations of the HCV
polymerases are being linked to polymerase function. For the 1b
HCV polymerase, the open conformation also exposes a binding
pocket for the cell cycle regulator retinoblastoma and mediates the
ubiquitinylation and degradation of retinoblastoma to increase cell
cycle progression during HCV infection [67,68].
During viral infection, viral polymerases and RNAs are
expressed inside the cell and depending on the cellular locations
of the polymerase protein and viral or cellular dsRNAs they
recognize, could activate cytoplasmic innate immunity receptors
such as RIG-I or endosomal TLRs. Previous study by Naka et al
[69] found that immortalized liver cells stably transfected with
HCV NS5B and HEK 293 cells stably transfected with both NS5B
and TLR3 genes show increased activation of TLR3-depedent
IFNb signaling, although the activation in HEK 293 cells was only
2-fold. In a recent study from our laboratory, transient
overexpression of NS5B and RIG-I resulted in 8 to 14-fold
induction of IFNb promoter-driven luciferase activity in Huh7 and
in HEK 293T cells while overexpression of NS5B and TLR3 had
no effect, suggesting that expression of NS5B in these two cell lines
predominantly activates cytoplasmic innate immunity receptors
such as RIG-I and MDA5 [70]. In both these studies, the NS5B
polymerase was expressed from transfected plasmids and catalytic
activity of the polymerase is required. In the present study,
exogenously added HCV polymerase protein activates TLR3
without requiring RNA synthesis since polymerase mutated at the
catalytic site still activates TLR3. In addition three viral capsid
proteins as well as LL37 that bind RNA but do not have catalytic
activity also activate TLR3 signaling. Addition of both dsRNA and
the RNA-binding protein are required for this activation. RNA-
binding protein alone has no effect since RNAs synthesized by the
HCV polymerase in cells may not enter efficiently into acidic
endosomes, the site of TLR3 signaling [15]. Thus the effect and
mechanism of TLR3 activation by RNA-binding protein are likely
different from that observed by Naka et al. [69] or Ranjith-Kumar
et al. [70].
During viral infection and subsequent cell lysis, viral proteins
and RNAs may be released to the cell media and these viral
proteins and RNAs may be taken up by cells to activate innate
immunity. Exogenously added HCV core and NS3 proteins enters
cells to activate TLR2 signaling in the absence of any added
ligand, although the mechanism(s) of activation is not known [71].
In the present study, addition of NS5B protein to BEAS2B or
HEK293T cells has minimal effect on its own but significantly
activates TLR3 signaling in combination with dsRNA ligands,
including viral dsRNAs (Table S1). Indeed, NS5B and the RRV
capsid protein have the ability to enters BEAS-2B cells within
30 min and colocalize with endosomal TLR3 by 6 h. The cellular
entry of released viral proteins and RNAs during viral infection
may contribute to the cellular innate immune responses and could
provide a point for therapeutic intervention.
Materials and Methods
Reagents
Recombinant genotype 1b (Con1 strain) and 2a (JFH-1) HCV
polymerases lacking the C-terminal transmembrane helix were
purified from E. coli as described by Chinnaswamy et al. [28]. The
preparations were devoid of detectable contaminating RNA,
DNA, or LPS. The HBV and RRV capsid proteins were expressed
in E. coli and purified according to Porterfield et al. [38] and
Mukhopadhyay et al., [39]. Poly(I:C) was purchased from
Amersham Biosciences (Piscataway, NJ) and reconstituted in
phosphate-buffered saline. RNA from purified Reovirus virions
was extracted with Trizol, followed by ethanol precipitation and a
wash with 70% ethanol. The purified RNA was stored in RNase-
free water. S4 dsRNA from Reovirus was synthesized by in vitro
transcription from cDNA (kind gift of P. Danthi, Indiana
University, Indiana) that has been engineered to have T7
promoters at termini of the two complementary strands. The
annealed RNAs were then analyzed for quantity and concentra-
tion before use. BPEV dsRNA was purified according to the
protocol of Valverde and Gutierrez [43] and stored in RNase-free
water. BEAS2B and HEK293T cells were from ATCC and
cultured in BEGM media with supplements (Lonza, Basel,
Switzerland).
Quantification of IL6 level in culture supernatant
Culture media from BEAS-2B cells were collected 24 h after
treatments, centrifuged at 2000 g for 2 min, and the supernatants
were assayed for IL6 secretion using a human IL6 ELISA kit along
with quantification controls (BD systems) as per the manufacturer’s
protocol.
TLR3 luciferase reporter assay
HEK293T cells were plated in CoStar white 96-well plates in
DMEM amended with 10% FBS at 4.46104 cells per well and
transfected at ,85 to 90% confluency with a mixture of the
Lipofectamine 2000 and plasmids pISRE-Luc, pUNO-huTLR3
and phRL-TK as described in Sun et al. [44]. The transfected cells
were induced 18 to 22 h later by the addition of poly(I:C) or viral
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dsRNAs to the culture medium to a final concentration of 1 mg/
mL in the presence or absence of 100 nM of RNA binding
proteins. The cells were harvested for analysis of luciferase 14 to
18 h after poly(I:C) addition.
RdRp assays
RdRp assays were performed as 20 mL reactions containing
20 mM sodium glutamate (pH 8.2), 12.5 mM DTT, 4 mM
MgCl2, 1 mM MnCl2, 0.5% Triton X-100, 0.2 mM GTP,
0.1 mM ATP and UTP, 250 nM [a-32P] CTP (MP Biomedicals),
2 pmol PE46 and 1 pmol LE19p as templates [26]. The reaction
mixture was incubated at 30uC for 1 h and terminated by phenol-
chloroform extraction, followed by precipitation of the RNA in the
presence of two volumes of ethanol, 5 mg glycogen and 0.3 M
NaOAc (pH 5.2). RNA products were separated by 20%-7.5 M
urea polyacrylamide gels. The signals were detected and
quantified by using a PhosphorImager.
UV cross-linking assay and gel shift assay
Each reaction contained 400 ng of purified protein mixed with
1 pmol Cy5-labeled SL26 or S4 dsRNA radiolabled by a
polynucleotide kinase reaction in a buffer containing 50 mM
Tris-HCl (pH 7.5), 4 mM MgCl2, 50 mM NaCl, and 1 mM
dithiothreitol. The reaction was irradiated with UV at 1200 mJ for
3 min. and then subjected to SDS-PAGE. The signals were
detected and quantified with a phosphorimager. The gel was then
stained with Coomassie blue to visualize the locations of proteins.
Differential scanning fluorimetry
DSF was performed in a Stratagene MX3005P Real-time PCR
machine according to the protocol of Niesen et al. [72]. Each
sample (5 mM final concentration) was prepared in a total volume
of 50 mL containing SYPRO orange (Molecular Probes) in
100 mM Tris, pH 7.0, 50 mM KCl, and 5 mM MgCl2). The
ramp condition was from 25 to 75uC, at increments of 0.5uC/min
and the change in fluorescence intensity used to determine the Tm
values with the use of KaleidaGraph Software (Synergy, Reading,
PA).
siRNA knockdown experiments
BEAS-2B cells were seeded at 1.06105 cells/well in BEGM
amended with supplements (Lonza, Switzerland) in a 48-well tissue
culture plate or 1.06104 cells/well in a 96-well plate. 6 h later, the
cells were transfected with a pool of three siRNAs specific to
TLR3, nonspecific control siRNA (Santa Cruz Biotechnology
Inc.), or siRNA to RIG-I (Qiagen, Valencia CA). 30 nM SiRNAs
were transfected using Lipofectamine RNAiMax (Invitrogen,
Carlsbad CA) according to the manufacturer’s protocol. The cells
were incubated for 48 h prior to treatment with ligands and
proteins. Culture media was collected 24 h later and assayed for
IL6 production using ELISA. RT-PCR analysis of the TLR3
mRNA to confirm the effects of the siRNA knockdown was
performed. After treatments total RNA samples pooled from
either six wells of a 96-well plate or three wells of a 48-well plate
were isolated from BEAS2B cells using RNeasy kit (Qiagen,
Valencia, CA). 0.5 mg of total RNA was then reverse transcribed to
cDNA with MMLV reverse transcriptase (Ambion, Austin, TX)
using random decamers (New England Biolabs, Ipswich, MA).
cDNA generated from 16 ng of total RNA was amplified using
SYBR Green Supermix (Bio-Rad, Hercules, CA) with an initial
3 min denaturing temperature of 95uC, followed by a total of 40
cycles of 30 s of denaturation at 95uC and 30 s of annealing at
55uC and elongation at 72uC. TLR3-specific primers were
previously used by Homma et al. [73]: (forward: 59-GATCT-
GTCTCATAATGGCTTG-39; reverse: 59-GACAGATTCC-
GAATGCTTGTG-39; and GAPDH primers (59-GAGTCAACG-
GATTTGGTCGT-39; reverse: 59-TGGGATTTCCATTGAT-
GACA-39) were used. For each sample, TLR3 Ct values were
subtracted from corresponding GAPDH Ct values. TLR3 mRNA
levels for each treatment were calculated as %TLR3 mRNA for
samples treated with control nonspecific siRNA.
Fluorescence microscopy
BEAS-2B cells were seeded on coverslips in 6 well plates. Highly
purified recombinant NS5B (0.2 mM) that was free of pyrogen was
added to the cells at the same time as the dsRNAs and incubated
for 30 min at 37uC. After washing with PBS, cells were fixed with
4% paraformaldehyde at room temperature for 30 min. After two
additional washes with PBS, they were permeabilized with 0.5%
Triton X-100 at room temperature for 10 min. The cells were
then washed twice more with PBS amended with 0.02% Tween-
20 (TBS-T) and incubated with blocking buffer (1% BSA in PBS)
for 1 h at room temperature. After washing three times with PBS-
T, slides were incubated with anti-NS5b antibody (mAb; 5B-3B1
from Alexis Biochemicals) and goat anti-TLR3 (R&D systems,
Minneapolis, MN) overnight at 4uC. Slides were then probed with
a Texas Red-labeled bovine anti-goat mAb (Santa Cruz
biotechnology) for 1 h at RT, washed, then incubated with a
goat anti-mouse secondary antibody conjugated with Alexa fluor
488 (Santa Cruz Biotechnology) for 1 h at room temperature.
Coverslips were washed with PBS-T three times, air dried for 1 h
and mounted in Vectashield mounting medium with DAPI
(Vector Laboratories). The images were obtained on a Leica
TCS SP5 scanning confocal microscope with an HCX PL APO
Lambda Blue 63 X 1.4 oil objective lens (Leica Microsystems).
Excitation was at 20% of the maximum laser power. Images were
captured with a scanning speed of 200 Hz and image resolution of
5126512 pixels and then analyzed using Leica Application Suite
2.02.
Ross River virus capsid protein (0.2 mM) was added the culture
media of BEAS-2B cells seeded on coverslips for up to 6 hours at
37uC. The cells were washed and fixed as described above. The
cells were incubated with anti R-cp rabbit polyclonal antibody
(custom prepared by Cocalico Biologicals, Reamstown, PA) and
anti-TLR3 (mAb, a kind gift of L. San Mateo of Centocor Inc)
diluted in PBS+0.1% BSA+0.01% TX100 overnight at 4uC. Slides
were then probed with a goat anti-mouse secondary antibody
conjugated with Alexa fluor 488 (Santa Cruz Biotechnology) for
TLR3 and bovine anti-rabbit Texas Red (Santa Cruz Biotech-
nology) for R-cp for 1.5 h at room temperature. The slides were
imaged and the results analyzed as described above.
Supporting Information
Figure S1 Effects of various RNAs on IL6 production. A)
Results from BEAS-2B cells. The endornaviral dsRNAs labeled
A–C were extracted from several rice isolates collected in Lousiana
and have distinct migrations in agarose gels. However, the
genomes have not been determined. pIC, pAU, and pGU are
three homopolymeric RNAs. The single-stranded viral RNAs were
all extracted from purified virions. All RNAs used were at a final
concentration of 0.5 mg/ml. B) A time course of IL6 production by
BEAS-2B cells in response to poly(I:C) and S4 dsRNA. The
addition of LL37 to 3 mM final concentration resulted in TLR3
enhancing signaling in response to the S4 dsRNA or poly(I:C). C)
Results from HEK 293T cells expressing recombinant TLR3. All
RNAs were used at 1 mg/ml. The ratios denote the ratio of the
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ISRE-driven firefly luciferase to the Renilla luciferase produces in
the same cells.
(TIF)
Figure S2 Additional characterization of the 1b HCV
polymerase that could affect IL6 production in BEAS-2B
cells. A) Effects of poly(I:C) of different lengths on IL-6
production. The poly(I:C) fragments were separated on a
denaturing gel and eluted from the gel fragments. The eluted
fragments were annealed and their lengths determined by
comparison to an DNA ladder. B) Effects of several recombinant
HCV polymerase proteins on TLR3 induction of IL6. The final
concentrations of the proteins added are shown on the horizontal
axis. The amount of poly(I:C) in each reaction was at 0.13 mg/ml.
C) A demonstration that the mutant HCV polymerases retain the
ability to bind the SL26 RNA.
(TIF)
Figure S3 Macropinocytosis may be involved in TLR3
signaling. A) Effects of 5-(N-ethyl-N-isopropyl)-amiloride (aka
EIPA) on TLR3 signaling. Where present, LL37 was at the final
concentrations of 3 mM, 1bD21 or 2aD21 were at 0.5 mM, and
poly(I:C) was at 0.13 mg/ml. B) Concentration-dependent inhibi-
tion of signaling by TLR3 in the presence of poly(I:C) and the
cofactors.
(TIF)
Figure S4 Additional information on viral capsids and
their effect on TLR3 signaling. A) The sequence of the
hepatitis B virus capsid protein. The residues present in H-cp183
but absent in H-cp149 are underlined and the arginine residues
are in blue. B) Concentration-dependent effects of the viral capsid
proteins on TLR3 signaling. C) A demonstration that the capsids
from BMV and RRV that have ssRNA genomes can bind the S4
dsRNA. The gel is from a nondenaturing stacked polyacrylamide
gel of 5 and 20%. The S4 dsRNA was radiolabeled during in vitro
transcription of the plus- and minus-strands and then annealed at
a 1:1 ratio.
(TIF)
Figure S5 Localization of the R-cp in BEAS-2B cells 2 h
after addition into the cell culture medium. R-cp is stained
red. The boxed area in the upper right is enlarged to show that
small punctate spots of R-cp can be found in the cell’s cytoplasm.
(TIF)
Table S1 Effects of RNA-binding proteins on IL6 levels
in BEAS-2B cells.
(TIF)
Table S2 Effects of siRNAs to TLR3 on TLR3 mRNA
levels in BEAS-2B cells, as determined by RT-PCR.
(TIF)
Acknowledgments
We thank members of the Kao lab and Jarrat Jordan and Lani San Mateo
of Centocor Inc. for helpful discussions and Jing Wang for some assays for
IL-8. We thank Laura Kao for editing the manuscript and the Indiana
University Metacyte Microscopy center and Jim Powell for the use of the
facility and help with confocal microscopy.
Author Contributions
Conceived and designed the experiments: CCK YL GY AC KB BT SM
CTR-K. Performed the experiments: CCK YL GY AC KB BT SM CTR-
K. Analyzed the data: CCK YL GY AC KB BT SM CTR-K. Contributed
reagents/materials/analysis tools: RV AZ SM. Wrote the paper: CCK YL
KB SM CTR-K.
References
1. Ronald PC, Beutler B (2010) Plant and animal sensors of conserved microbial
signatures. Science 330: 1061–1064.
2. Kawai T, Akira S (2006) Innate immune recognition of viral infection. Nat
Immunol 7: 131–137.
3. Meylan E, Tschopp J, Karin M (2006) Intracellular pattern recognition
receptors in the host response. Nature 442: 39–44.
4. Baum A, Sachidanandam R, Garcia-Sastre A (2010) Preference of RIG-I for
short viral RNA molecules in infected cells revealed by next-generation
sequencing. Proc Natl Acad Sci U S A 107: 16303–16308.
5. O’Neill LA, Bowie AG (2010) Sensing and signaling in antiviral innate
immunity. Curr Biol 20: R328–333.
6. Gay NJ, Gangloff M (2007) Structure and function of Toll receptors and their
ligands. Annu Rev Biochem 76: 141–165.
7. Hidaka F, Matsuo S, Muta T, Takeshige K, Mizukami T, et al. (2006) A
missense mutation of the Toll-like receptor 3 gene in a patient with influenza-
associated encephalopathy. Clin Immunol 119: 188–194.
8. Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, et al. (2007) TLR3
deficiency in patients with herpes simplex encephalitis. Science 317:
1522–1527.
9. Ranjith-Kumar CT, Miller W, Sun J, Xiong J, Santos J, et al. (2007) Effects of
single nucleotide polymorphisms on Toll-like receptor 3 activity and expression
in cultured cells. J Biol Chem 282: 17696–17705.
10. Nahum A, Dadi H, Bates A, Roifman CM (2011) The L412F variant of Toll-like
receptor 3 (TLR3) is associated with cutaneous candidiasis, increased
susceptibility to cytomegalovirus, and autoimmunity. J Allergy Clin Immunol
127: 528–531.
11. Gauzzi MC, Del Corno M, Gessani S (2010) Dissecting TLR3 signalling in
dendritic cells. Immunobiology 215: 713–723.
12. Botos I, Liu L, Wang Y, Segal DM, Davies DR (2009) The Toll-like receptor
3:dsRNA signaling complex. Biochim Biophys Acta 1789: 667–674.
13. Bell JK, Mullen GE, Leifer CA, Mazzoni A, Davies DR, et al. (2003) Leucine-
rich repeats and pathogen recognition in Toll-like receptors. Trends Immunol
24: 528–533.
14. Leonard JN, Bell JK, Segal DM (2009) Predicting Toll-like receptor structures
and characterizing ligand binding. Methods Mol Biol 517: 55–67.
15. Leonard JN, Ghirlando R, Askins J, Bell JK, Margulies DH, et al. (2008) The
TLR3 signaling complex forms by cooperative receptor dimerization. Proc Natl
Acad Sci U S A 105: 258–263.
16. Ranjith-Kumar CT, Miller W, Xiong J, Russell WK, Lamb R, et al. (2007)
Biochemical and functional analyses of the human Toll-like receptor 3
ectodomain. J Biol Chem 282: 7668–7678.
17. Kariko K, Ni H, Capodici J, Lamphier M, Weissman D (2004) mRNA is an
endogenous ligand for Toll-like receptor 3. J Biol Chem 279: 12542–12550.
18. Lai Y, Adhikarakunnathu S, Bhardwaj K, Ranjith-Kumar CT, Wen Y, et al.
(2011) LL37 and cationic peptides enhance TLR3 signaling by viral double-
stranded RNAs (submitted).
19. Moradpour D, Penin F, Rice CM (2007) Replication of hepatitis C virus. Nat
Rev Microbiol 5: 453–463.
20. Watkins WJ, Ray AS, Chong LS (2010) HCV NS5B polymerase inhibitors. Curr
Opin Drug Discov Devel 13: 441–465.
21. Kao CC, Yang X, Kline A, Wang QM, Barket D, et al. (2000) Template
requirements for RNA synthesis by a recombinant hepatitis C virus RNA-
dependent RNA polymerase. J Virol 74: 11121–11128.
22. Luo G, Hamatake RK, Mathis DM, Racela J, Rigat KL, et al. (2000) De novo
initiation of RNA synthesis by the RNA-dependent RNA polymerase (NS5B) of
hepatitis C virus. J Virol 74: 851–863.
23. Ranjith-Kumar CT, Kim YC, Gutshall L, Silverman C, Khandekar S, et al.
(2002) Mechanism of de novo initiation by the hepatitis C virus RNA-dependent
RNA polymerase: role of divalent metals. J Virol 76: 12513–12525.
24. Ranjith-Kumar CT, Gutshall L, Kim MJ, Sarisky RT, Kao CC (2002)
Requirements for de novo initiation of RNA synthesis by recombinant flaviviral
RNA-dependent RNA polymerases. J Virol 76: 12526–12536.
25. Ranjith-Kumar CT, Sarisky RT, Gutshall L, Thomson M, Kao CC (2004) De
novo initiation pocket mutations have multiple effects on hepatitis C virus RNA-
dependent RNA polymerase activities. J Virol 78: 12207–12217.
26. Chinnaswamy S, Yarbrough I, Palaninathan S, Kumar CT, Vijayaraghavan V,
et al. (2008) A locking mechanism regulates RNA synthesis and host protein
interaction by the hepatitis C virus polymerase. J Biol Chem 283: 20535–20546.
27. Chinnaswamy S, Murali A, Li P, Fujisaki K, Kao CC (2010) Regulation of de
novo-initiated RNA synthesis in hepatitis C virus RNA-dependent RNA
polymerase by intermolecular interactions. J Virol 84: 5923–5935.
28. Kao CC, Singh P, Ecker DJ (2001) De novo initiation of viral RNA-dependent
RNA synthesis. Virology 287: 251–260.
29. Simister P, Schmitt M, Geitmann M, Wicht O, Danielson UH, et al. (2009)
Structural and functional analysis of hepatitis C virus strain JFH1 polymerase.
J Virol 83: 11926–11939.
Viral Proteins Enhance TLR3 Signaling
PLoS ONE | www.plosone.org 12 October 2011 | Volume 6 | Issue 10 | e25837
30. Schmitt M, Scrima N, Radujkovic D, Caillet-Saguy C, Simister PC, et al. (2011)
A comprehensive structure-function comparison of hepatitis C virus strain JFH1
and J6 polymerases reveals a key residue stimulating replication in cell culture
across genotypes. J Virol 85: 2565–2581.
31. Harley D, Sleigh A, Ritchie S (2001) Ross River virus transmission, infection,
and disease: a cross-disciplinary review. Clin Microbiol Rev 14: 909–932.
32. Kao CC, Ni P, Hema M, Huang X, Dragnea B (2011) The coat protein leads
the way: an update on basic and applied studies with the Brome mosaic virus
coat protein. Mol Plant Pathol 12: 403–412.
33. Ganem D, Prince AM (2004) Hepatitis B virus infection–natural history and
clinical consequences. N Engl J Med 350: 1118–1129.
34. Seeger C ZF, Mason WS (2007) Hepadnaviruses; al KDe, editor. Philadelphia,
PA: Lippincott Williams & Wilkins. pp 2977–3029.
35. Zlotnick A, Mukhopadhyay S (2011) Virus assembly, allostery and antivirals.
Trends Microbiol 19: 14–23.
36. Sacher R, Ahlquist P (1989) Effects of deletions in the N-terminal basic arm of
brome mosaic virus coat protein on RNA packaging and systemic infection.
J Virol 63: 4545–4552.
37. Rao AL, Grantham GL (1995) Biological significance of the seven amino-
terminal basic residues of brome mosaic virus coat protein. Virology 211: 42–52.
38. Porterfield JZ, Dhason MS, Loeb DD, Nassal M, Stray SJ, et al. (2010) Full-
length hepatitis B virus core protein packages viral and heterologous RNA with
similarly high levels of cooperativity. J Virol 84: 7174–7184.
39. Mukhopadhyay S, Chipman PR, Hong EM, Kuhn RJ, Rossmann MG (2002) In
vitro-assembled alphavirus core-like particles maintain a structure similar to that
of nucleocapsid cores in mature virus. J Virol 76: 11128–11132.
40. Le Goffic R, Pothlichet J, Vitour D, Fujita T, Meurs E, et al. (2007) Cutting
Edge: Influenza A virus activates TLR3-dependent inflammatory and RIG-I-
dependent antiviral responses in human lung epithelial cells. J Immunol 178:
3368–3372.
41. Yoon JS, Kim HH, Lee Y, Lee JS (2007) Cytokine induction by respiratory
syncytial virus and adenovirus in bronchial epithelial cells. Pediatr Pulmonol 42:
277–282.
42. Zaheer RS, Proud D (2010) Human rhinovirus-induced epithelial production of
CXCL10 is dependent upon IFN regulatory factor-1. Am J Respir Cell Mol Biol
43: 413–421.
43. Valverde RA, Gutierrez DL (2007) Transmission of a dsRNA in bell pepper and
evidence that it consists of the genome of an endornavirus. Virus Genes 35:
399–403.
44. Sun J, Duffy KE, Ranjith-Kumar CT, Xiong J, Lamb RJ, et al. (2006) Structural
and functional analyses of the human Toll-like receptor 3. Role of glycosylation.
J Biol Chem 281: 11144–11151.
45. Bell JK, Askins J, Hall PR, Davies DR, Segal DM (2006) The dsRNA binding
site of human Toll-like receptor 3. Proc Natl Acad Sci U S A 103: 8792–8797.
46. Lu C, Ranjith-Kumar CT, Hao L, Kao CC, Li P (2011) Crystal structure of
RIG-I C-terminal domain bound to blunt-ended double-strand RNA without 59
triphosphate. Nucleic Acids Res 39: 1565–1575.
47. Ranjith-Kumar CT, Duffy KE, Jordan JL, Eaton-Bassiri A, Vaughan R, et al.
(2008) Single-stranded oligonucleotides can inhibit cytokine production induced
by human toll-like receptor 3. Mol Cell Biol 28: 4507–4519.
48. Ranjith-Kumar CT, Lai Y, Sarisky RT, Cheng Kao C (2010) Green tea
catechin, epigallocatechin gallate, suppresses signaling by the dsRNA innate
immune receptor RIG-I. PLoS One 5: e12878.
49. Bhardwaj K, Palaninathan S, Alcantara JM, Yi LL, Guarino L, et al. (2008)
Structural and functional analyses of the severe acute respiratory syndrome
coronavirus endoribonuclease Nsp15. J Biol Chem 283: 3655–3664.
50. Dragnea B, Chen C, Kwak ES, Stein B, Kao CC (2003) Gold nanoparticles as
spectroscopic enhancers for in vitro studies on single viruses. J Am Chem Soc
125: 6374–6375.
51. Limmon GV, Arredouani M, McCann KL, Corn Minor RA, Kobzik L, et al.
(2008) Scavenger receptor class-A is a novel cell surface receptor for double-
stranded RNA. FASEB J 22: 159–167.
52. Nakase I, Hirose H, Tanaka G, Tadokoro A, Kobayashi S, et al. (2009) Cell-
surface accumulation of flock house virus-derived peptide leads to efficient
internalization via macropinocytosis. Mol Ther 17: 1868–1876.
53. Qi X, Droste T, Kao CC (2011) Cell-penetrating peptides derived from viral
capsid proteins. Mol Plant Microbe Interact 24: 25–36.
54. Mercer J, Helenius A (2008) Vaccinia virus uses macropinocytosis and apoptotic
mimicry to enter host cells. Science 320: 531–535.
55. Rabe B, Delaleau M, Bischof A, Foss M, Sominskaya I, et al. (2009) Nuclear
entry of hepatitis B virus capsids involves disintegration to protein dimers
followed by nuclear reassociation to capsids. PLoS Pathog 5: e1000563.
56. Hobson SD, Rosenblum ES, Richards OC, Richmond K, Kirkegaard K, et al.
(2001) Oligomeric structures of poliovirus polymerase are important for
function. EMBO J 20: 1153–1163.
57. Wang QM, Hockman MA, Staschke K, Johnson RB, Case KA, et al. (2002)
Oligomerization and cooperative RNA synthesis activity of hepatitis C virus
RNA-dependent RNA polymerase. J Virol 76: 3865–3872.
58. Qin W, Luo H, Nomura T, Hayashi N, Yamashita T, et al. (2002) Oligomeric
interaction of hepatitis C virus NS5B is critical for catalytic activity of RNA-
dependent RNA polymerase. J Biol Chem 277: 2132–2137.
59. Fisher AJ, Johnson JE (1993) Ordered duplex RNA controls capsid architecture
in an icosahedral animal virus. Nature 361: 176–179.
60. Fox JM, Wang G, Speir JA, Olson NH, Johnson JE, et al. (1998) Comparison of
the native CCMV virion with in vitro assembled CCMV virions by cryoelectron
microscopy and image reconstruction. Virology 244: 212–218.
61. Liu L, Botos I, Wang Y, Leonard JN, Shiloach J, et al. (2008) Structural basis of
toll-like receptor 3 signaling with double-stranded RNA. Science 320: 379–381.
62. Myong S, Cui S, Cornish PV, Kirchhofer A, Gack MU, et al. (2009) Cytosolic
viral sensor RIG-I is a 59-triphosphate-dependent translocase on double-
stranded RNA. Science 323: 1070–1074.
63. Lerner MR, Boyle JA, Hardin JA, Steitz JA (1981) Two novel classes of small
ribonucleoproteins detected by antibodies associated with lupus erythematosus.
Science 211: 400–402.
64. Guialis A, Patrinou-Georgoula M, Tsifetaki N, Aidinis V, Sekeris CE, et al.
(1994) Anti-5S RNA/protein (RNP) antibody levels correlate with disease
activity in a patient with systemic lupus erythematosus (SLE) nephritis. Clin Exp
Immunol 95: 385–389.
65. Kono DH, Haraldsson MK, Lawson BR, Pollard KM, Koh YT, et al. (2009)
Endosomal TLR signaling is required for anti-nucleic acid and rheumatoid
factor autoantibodies in lupus. Proc Natl Acad Sci U S A 106: 12061–12066.
66. Bressanelli S, Tomei L, Rey FA, De Francesco R (2002) Structural analysis of
the hepatitis C virus RNA polymerase in complex with ribonucleotides. J Virol
76: 3482–3492.
67. Munakata T, Liang Y, Kim S, McGivern DR, Huibregtse J, et al. (2007)
Hepatitis C virus induces E6AP-dependent degradation of the retinoblastoma
protein. PLoS Pathog 3: 1335–1347.
68. Munakata T, Nakamura M, Liang Y, Li K, Lemon SM (2005) Down-regulation
of the retinoblastoma tumor suppressor by the hepatitis C virus NS5B RNA-
dependent RNA polymerase. Proc Natl Acad Sci U S A 102: 18159–18164.
69. Naka K, Dansako H, Kobayashi N, Ikeda M, Kato N (2006) Hepatitis C virus
NS5B delays cell cycle progression by inducing interferon-beta via Toll-like
receptor 3 signaling pathway without replicating viral genomes. Virology 346:
348–362.
70. Ranjith-Kumar CT, Wen Y, Baxter N, Bhardwaj K, Cheng Kao C (2011) A
Cell-Based Assay for RNA Synthesis by the HCV Polymerase Reveals New
Insights on Mechanism of Polymerase Inhibitors and Modulation by NS5A.
PLoS One 6: e22575.
71. Dolganiuc A, Oak S, Kodys K, Golenbock DT, Finberg RW, et al. (2004)
Hepatitis C core and nonstructural 3 proteins trigger toll-like receptor 2-
mediated pathways and inflammatory activation. Gastroenterology 127:
1513–1524.
72. Niesen FH, Berglund H, Vedadi M (2007) The use of differential scanning
fluorimetry to detect ligand interactions that promote protein stability. Nat
Protoc 2: 2212–2221.
73. Homma T, Kato A, Hashimoto N, Batchelor J, Yoshikawa M, et al. (2004)
Corticosteroid and cytokines synergistically enhance Toll-like receptor 2
expression in respiratory epithelial cells. Am J Respir Cell Mol Biol 31: 463–469.
Viral Proteins Enhance TLR3 Signaling
PLoS ONE | www.plosone.org 13 October 2011 | Volume 6 | Issue 10 | e25837
